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1. Introduction 
Lichens are symbiotic organisms composed of a fungal partner, the mycobiont, and one or 
more photosynthetic partners, the photobiont, which may be either a green alga or a 
cyanobacterium (Nash III, 1996; Wolseley and Aguirre-Hudson, 1994 and Yoshimura, 2004). 
The mycobiont in this combination is an ascomycete or a basidiomycete and the photobiont 
a green alga or a cyanobacterium. Some lichen species can contain more than one green algal 
species as photobionts (Friedl and Gärtner, 1988; Friedl, 1989; Ihda et al., 1993). At present, 
about 13,500 fungal species have been recognized to be involved in lichen symbiosis 
(Hawksworth et al. 1995; Kirk et al., 2001). However, Sipman and Aptroot (2001) stated that this 
number could be as high as 20,000 after including “orphaned” species; according to Lumbsch 
et al., (2011), about 10,000 of lichenized fungi have been estimated as undescribed species.  
The hyphae of mycobionts are septate, branched, thin or thick walled, and the walls are 
colourless or variously coloured. It is necessary that the photobiont, which is essentially 
aquatic in nature, remains protected from desiccation in a lichenized terrestrial condition. 
The protection is provided by the mycobiont which forms the bulk of the thallus, by the 
development of specialized hyphal tissues in the form of a cover or cortex over the stratum of 
the photobiont. The development of the cortex is assumed to be stimulated by the photobiont 
(Ahmadjian, 1987). In some gelatinous lichens with cyanobacteria, the polysaccharidic sheath 
produced by the photobiont (cyanobacteria) contributes to water retention (Prieto et al., 2008). 
Lichens have been used for ecological, medicinal and other economic purposes for over 100 
years and these beneficial effects have been correlated to some extent with their polysaccharide 
content. Amongst the identified lichens so far, about 100 species have been studied for their 
polysaccharides and their composition (Cordeiro et al., 2005).  
2. Separation and characterization 
The cell wall of fungi is composed mainly of polysaccharides such as lichenan, isolichenan, 
and galactomannan (fig.1) (Elix and Stocker-Wörgötter, 2008). Bernard and Latgé (2001) 
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described that the fungal wall is a complex structure composed typically of chitin, 1,3-- and 
1,6--glucan, mannan and proteins, although wall composition frequently varies markedly 
between the species of fungi. 
 
Figure 1. Structures of some polysaccharides contained in fungal cell wall 
For the separation and isolation of lichen polysaccharides, traditional methods and modern 
techniques are used. Traditional methods basically involved freezing and thawing of the 
material originally extracted with hot water. Dialysis and ethanol precipitation has been 
employed for further purification. Also, alkali solutions have been used to extract these 
compounds. The polysaccharides present in the thalli of Umbilicaria mammulata were 
isolated by an exhaustive method starting with successive extraction with hot water at 100oC 
followed by extraction of the residue with hot 2% KOH at 100 oC. The alkaline extract was 
further treated with Fehlings solution to yield the 1,3-β- glucan from the supernantant and a 
1,6-β- glucan was obtained from the precipitated Fehlings complex (Carbonero et al., 2006). 
In our laboratory, we have used a similar alkaline extraction procedure to isolate a 
polysaccharide from Usnea cf. cornuta Körb. Chromatographic techniques and filtration 
devices were utilized to separate lichen polysaccharides (Paulsen et al., 2002). However, 
different column chromatographic methods, including GP-HPLC, HPLC and ion exchange 
chromatography have been used recently to separate polysaccharides from lichens. 
Olafsdottir et.al (1999), fractionated the polysaccharides from Cetraria islandica on DEAE 
Sepharose CL-6B anion exchange columns with a 0 -1 M NaCl gradient. Further purification 
was performed by Sephacryl S-400 gel filtration. To determine homogeneity and Mr of these 
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compounds, electrophoretic methods and gel permeation chromatography are used. For the 
determination of monosaccharides, TLC and GC methods are used. The monosaccharides 
could be derivatized into alditol acetates or into trimethylsilyl (TMS) ethers for analysis by 
GC. The linkage analysis is performed by using NMR spectroscopy (1D proton, 2D-COSY, 
NOESY, 2D-TOCSY, 1H 13C-HSQC, HMBC, H2BC and HSQC-NOESY) (Paulsen et al., 2002 
and Jensen et al., 2010) and methylation analysis (Omarsdottir et.al., 2005; Olafsdottir et. al., 
1999; Ruthes et al. 2010). 
3. Biological source of the polysaccharide fraction 
Whether these polysaccharides are produced by the mycobiont or photobiont separately or 
in symbiosis has been debated for a long time. Takahashi et al. (1979) showed that aqueous 
extracts from cultivated myco and photobiont had different monosaccharide composition 
and physical properties. It was also found that while the extracts of the mycobiont had a 
similar composition to that of the parent intact lichen, the photobiont fractions were 
different from those of the symbiotic thalli and its mycobiont. Complete structural analysis 
by Cordeiro et al. (2004) confirmed Takahashi’s results, and showed that the nigeran, 
laminaran and the galactomannan, found previously in the symbiotic thalli of Ramalina 
peruviana (Cordeiro et al. 2003) were also generated by the aposymbiotically cultured fungal 
partner.  
Three different polysaccharide structural types: β-glucans, α-glucans (linear or lightly 
substituted), and galactomannans (branched) (Carbonero et al, 2005a) are present in the 
fungal cell wall. According to Olafsdottir and Ingólfsdóttir (2001), all the polymers present 
in lichen thalli are categorized into glucan type [β-(1→3)(1→4)], lichenan type [α-
(1→3)(1→4)] and pustulan [β-(1→6)]. Some of these types are depicted in Table 1. However, 
the recent discovery of a few additional complex heteroglycans, such as 
rhamnogalactofuranan (Olafsdottir, 1999), galactomannoglucans (Woranovicz-Barreira, 1999 
and Carbonero et al., 2002) and thamnolan (Carbonero et al., 2005a) necessitated the closer 
examination of the origins of the polysaccharides. Studies carried out by Cordeiro et al., 
(2005), revealed that the algal partner (Trebouxia sp.) also consists of some carbohydrates 
such as β-galactofuranan heteropolysaccharide. Later in 2007, new polysaccharides 
xylorhamnogalactofuranan and Xylan in the photobiont Asterochloris sp. were recorded by 
Cordeiro et al. Thereafter, Jensen et al. (2010), isolated another heteropolysaccharide called 
colleman from a cyanobacteria present in the lichen Collema flaccidum.  
In the past, lichen polysaccharides have been extracted from the whole thallus without 
giving consideration to the origin of components such as the fungal partner or the 
photobiont (Gorin and Iacomini, 1984, 1985; Gorin et al., 1993; Teixeira et al., 1995). Later 
Cordeiro et al. (2005, 2007, 2008), found that, dissimilarities between the polysaccharides 
extracted from the cultivated photobionts Trebouxia and Asterochloris with those from their 
respective lichens could indicate that the photobiont or mycobiont was responsible for these 
differences. Galactoglucomannans were isolated from the mycobiont of Parmotrema species 
including Parmotrema austrosinense, Parmotrema delicatulum, Parmotrema mantiqueirense,  
 
The Complex World of Polysaccharides 218 
Polysaccharide Main unit Side chain Lichen species Mycobiont/
Photobiont 
reference 
Lichenan Homoglucan 
with β(1→3) 
(1→4) linkage 
 Cetraria ilandica, C. 
nivaris, C. 
richardsonii, Usnea 
barbata, U. 
lingissima, U. 
bayleyi, Parmelia 
tinctorum, P. 
conspersa, P. 
hypotrypella, P. 
nikkoensis, Alectoria 
sulcata, A. 
sarmentosa 
Whole  
thallus 
Shibata, 1973 
Isolichenan Homoglucan 
with α(1→3) 
(1→4) linkage 
 -do- -do- Shibata, 1973 
Pustulan Glucan with 
β(1→6) linkage 
 Lasallia pustulata, L. 
papulosa, Umbilicaria 
hirsuta, U. angulata, 
U. caroliniana, U. 
polyphylla,Gyrophora
esculenta 
-do- Shibata, 1973 
Everniin Glucan with 
α(1→3) (1→4) 
linkage 
 Evernia prunastri -do- Shibata, 1973 
Acroscyphan Homoglucan 
with α(1→3) 
(1→4) (1→6) 
linkage 
 Acroscyphus 
sphaerophoroides 
-do- Shibata, 1973 
Galacto-
glucomannans 
a (1→6)-linked 
main chain of -
Manp 
O-2 and O-4 by 
α-Galp and β-
Galp 
nonreducing 
end-units 
Parmotrema 
austrosinense, 
P. delicatulum, 
P. mantiqueirense, 
P. schindlerii, 
P. tinctorum and 
Rimelia  
(R. cetrata 
and R. reticulata)
mycobiont Carbonero  
et al., 2005b 
Xylorhamno-
galactofuranan 
(1→3)-linked 
galactofuranosyl
galactofuranosyl 
units 5-O and 6-
O-substituted, 
rhamnopyranos
yl units 2-O, 3-O 
and 2,3-di-O-
substituted in 
position 6. 
Cladina confusa Photobiont Cordeiro  
et al., 2007 
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Polysaccharide Main unit Side chain Lichen species Mycobiont/
Photobiont 
reference 
laminaran and 
pustulan and 
galacto- 
furanomannan 
(1→3)-and 
(1→6)-linked β-
glucans 
(1→6)-linked α-
mannopyranosyl
Umbilicaria 
mammulata  
Mycobiont Carbonero et 
al., 2006 
Hetero- 
polysaccharide 
(1→5)-linked 
galactofuranosyl 
units 
Complex Ramalina gracilis Photobiont Cordeiro et 
al., 2008 
O-methylated 
mannogalactan 
(1→6)-linked β-
galactopyranose
at O-3 by β-Galp, 
3-OMe-α-Manp 
or α-Manp units 
Peltigera aphthosa Photobiont Cordeiro et 
al., 2010 
Colleman like Complex 
heteroglycan 
2-OMe Manp, 2-
OMe-Arap, Xylp 
and GlcpA 
Collema flaccidum Whole thallus 
(cyanobacteri
a) 
Jensen et al., 
2010 
 (1→4)-linked β-
D-xylan 
 Peltigera canina Mycobiont Ruthes et al., 
2010 
Table 1. Summarized data of lichen polysaccharides and their origin 
Parmotrema schindlerii, Parmotrema tinctorum and Rimelia cetrata and Rimelia reticulata by 
Carbonero et al., in 2005b. These galactoglucomannans consisted of (1→6)-linked main chain 
of α-Manp units, which were substituted preferentially at O-2 and O-4 by α-Galp and β-Galp 
nonreducing end-units, respectively. Further, they also isolated two galactomannan 
fractions from the lichen, Roccella decipiens. One galactomannan fraction had a main chain 
with (1→4)-linked α-D-Manp units, substituted at O-2 with side chains containing a 
nonreducing end, 2-O- and 6-O-substituted α-Manp units. The other fraction had a similar 
α-D-Manp core structure, but with side chains containing nonreducing end, 5-O-, 6-O-, and 
5,6-di-O-substituted β-D-Galf units (Cordeiro et al., 2005). Another heteropolysaccharide 
xylorhamnogalactofuranan was isolated from the lichen Cladina confusa. It consisted of 
(1→3)-linked galactofuranosyl units with side chains of galactofuranosyl units 5-O and 6-O-
substituted, as well rhamnopyranosyl units 2-O, 3-O and 2,3-di-O-substituted at position 6. 
Nonreducing end units were composed of Xylose (Cordeiro et al., 2007). In 2006, (1→3)-and 
(1→6)-linked β-glucans, namely laminaran and pustulan and galactofuranomannan which 
have a main chain of (1→6)-linked α-mannopyranosyl residues, partially substituted at O-2, 
O-4 were isolated from another lichen Umbilicaria mammulata (Carbonero et al., 2006). Later 
in 2008, Cordeiro et al. found Galactofuranose-rich heteropolysaccharide from the lichen 
Ramalina gracilis. This polysaccharide has (1→5)-linked galactofuranosyl units at the main 
chain with very complex branched structures of side chains in position 6. They found that 
this polysaccharide arose from the algal symbiont Trebouxia sp. of the lichen Ramalina 
gracilis. An O-methylated mannogalactan was isolated from Peltigera aphthosa by Cordeiro et 
al. in 2010. This consisted of (1→6)-linked β-galactopyranose main chain partially 
substituted at O-3 by β-Galp, 3-OMe-α-Manp or α-Manp units. The algal symbiont 
Coccomyxa mucigena of the lichen Peltigera aphthosa was thought to be the origin of this 
heteropolysaccharide since the lichen thallus yielded a polysaccharide of different structure. 
A colleman like heteropolysaccharide was isolated from the cyano lichen Collema flaccidum. 
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Colleman is a complex heteroglycan containing the unusual monosaccharides 2-OMe Manp 
and 2-OMe-Arap as well as Xylp and GlcpA (Jensen et al., 2010). The presence of uronic acids 
has been reported previously from cyanobacterial polysaccharides. Since the structural 
features and sugar content of colleman is representative of polysaccharides of cyanobacterial 
origin, it is proposed that colleman originates from the cyanobacterial partner. Ruthes et al. 
(2010) were able to isolate (1→4)-linked β-D-xylan (an EPS) and heteropolysaccharide with a 
complex structure of β-L-Arap and β-D-Xylp-(1→4)-linked units from Peltigera canina. Again it 
was opined that the photobiont, Nostoc muscorum was the source of this heteropolysaccharide. 
4. Polysaccharides as a taxonomic tool 
The identification and classification is generally based on morphology of the organism. 
Taxonomy of lichen species have been corroborated by phylogenetic applications with the 
advances in DNA technology. Lichen polysaccharides have been used as a taxonomic tool and 
chemotaxonomic classification has resulted in clarification of conflicting taxonomic data.  
The lichen-forming ascomycete order Lichinales comprises around 250 species and is 
distributed among 52 genera and four families (Eriksson, 2006). Earlier molecular studies 
(Wedin et al., 2005) did not confirm its phylogenetic relationships, although the order was 
treated as a separate class, Lichinomycetes (Hibbett et al., 2007). Since alkali and water-soluble 
polysaccharides from Lichina pygmaea and L. confinis reflect phylogeny in other ascomycetes 
(Prieto et al. 2008), an isolated polysaccharide was purified to investigate whether such 
polysaccharide compounds in the Lichinomycetes are distinctive. Results support molecular 
studies showing that lichen species are remote from Lecanoromycetes as the galactofuranose 
residues are in the α-configuration. That the Lichinomycetes were part of an ancestral 
lichenized group cannot be established from the present data because the extracted 
polysaccharide does not have the galactofuranose residue in the β configuration; however, 
the data suggests that an ancestor of the Lichinomycetes contained a mannan and was part of 
an early radiation in the ascomycetes. Polysaccharides present support the molecular data 
obtained recently that the Lichinales are distinct from other ascomycete groups and should be 
treated as a separate order in the separate class Lichenomycetes (Reeb et al., 2004). However, 
more representatives in the order must be subjected to molecular studies and more 
polysaccharides be investigated before confirming this hypothesis. Interestingly, the relative 
basal position of Lichina with respect to the water soluble polysaccharides agrees with the 
suggestion that ancestral lichens contained cyanobacteria as the photosynthetic partner 
(Hawksworth, 1982). 
Investigation of mannose containing polysaccharides as a taxonomic tool centers around the 
structural diversity of the galactomannans isolated from several lichenized fungi. The 
taxonomic value of these galactomannans depends on the side-chain substituents on (1 →6)-
linked α-D-mannopyranosyl main chains (Gorin and Lacomini, 1985). 
Although classical taxonomy regarded Cladina as sub-species of Cladonia, lichenologists 
considered them to be distinct species. It was shown that galactomannans are important 
chemotypes in determining the taxonomy of Clodonia spp. and other related genera 
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(Woranovicz-Barreira et al., 1999). However, based on molecular phylogentic results Cladina 
and Cladonia were confirmed as synonyms (Ahti and Depriest, 2001).  
Lichen polysaccharides, can also be used as a taxonomic tool to differentiate some lichen 
species, since some of the heteropolysaccharides and their chemical characters are unique to 
certain groups of lichens (Carbonero et al., 2006 and Cordeiro et al., 2007). Further, the 
polysaccharides content of the lichen photobiont may be used as a marker in algal symbiont 
taxonomy (Cordeiro et al., 2007).  
5. Biological activities of lichen polysaccharides 
Many lichens are known to have immunomodulating properties, potent antibiotic, 
antitumour, antiviral as well as antioxidant properties which are mostly attributed to the 
secondary metabolites (Malhotra et al.,2008, Behera, et al., 2007). According to Yanaki et al., 
(1986) and Bohn and BeMiller, (1995), functional activity of polysaccharides mainly depends 
on molecular weight, degree of branching, water solubility, structure and configuration. 
Hence they have different uses in different fields. The biological activities of lichen 
polysaccharides reported have been limited to anti-tumor, anti-inflamatory or 
immunomodulatory activity (Omarsdottir et al., 2007).  
Cordeiro et al., (2008) reported that one of the β-galactofuranan polysaccharides isolated 
from Trebouxia sp., the algal symbiont of the lichen Ramalina gracilis expressed in vitro 
activity on peritoneal macrophages. Further studies carried out on 4 lichen polysaccharides 
by Omarsdottir, et al., (2006) showed that, three heteroglycans namely Ths-4, Ths-5 and 
thamnolan and a β-glucan (Th-2) isolated from the lichen Thamnolia vermicularis var. 
subuliformis showed an effect on the human immune system. Thamnolan, a 
galactofuranorhamnan had less mitogenic effect than Ths-5 and Ths-2 indicating that its 
unusual galactofuranorhamnan structure may be responsible for its different 
immunomodulatory activity. In a study on the immunomodulatory activities of an aqueous 
lichen extract from Cetraria islandica , Freysdottir et al., (2007) discovered that the extract was 
able to upregulate IL-10 secretion. Interestingly, when the individual components of this 
extract (lichenan and isolichenan and secondary metabolites protolichesterinic and 
fumarprotocetraric acids) were subjected to the same assay, only lichenan displayed 
antiinflammatory effects (Freysdottir, et al., 2008). 
The cytotoxic activity, phagocytic activity and antitumor activity of an α-D glucan from 
Ramalina celastri has been reported (Leão et al., 1997 and Stuelp-Campelo et al., 2002). Based 
on this, De Araújo et al., (2011) found that a sulphated -D glucan lichen polysaccharide 
extracted from Ramalina celastri exhibited antischistosomal activity. These -D glucans with 
andlinkages are linear and water soluble and are known for their ability to 
stimulate the mononuclear phagocyte system and improve host resistance to viral, bacterial 
and parasitic infections.  
According to Nishikawa et al., (1970), O-acetylated pustulan isolated from three species of 
Umbilicaria showed a significant antitumor effect against the implanted Sarcoma-180 in 
mice. The polysaccharide fractions isolated from six species of lichens were studied for 
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antitumor activity (Nishikawa et al., 1974). The active polysaccharide present in Lasallia 
pensylvanica, was the partially O-acetylated (1-6) β-glucan, pustulan while that of Usnea 
rubescens, was identified as a lichenan type polysaccharide. The other 4 polysaccharides 
were from the Cladonia sp.; Cladonia crispata, Cladonia rangiferina subsp. grisea, Cladonia mitis 
and Cladonia squamosa all of which showed significant antitumor activity. These Cladonia 
polysaccharides which were complex heteroglycans of the galactomannan type were found 
to exert moderate antitumor activity. However, previous studies have shown that the 
isolichenin type polysaccharides were not as effective in their antitumour effect. In another 
study, isolichenin isolated from the lichen Usnea fasciata showed moderate activity against 
Ehrlich tumor cells (Periera et al., 1994). In 1989, Hirabayashi et al., showed inhibitory effect 
of a lichen polysaccharide sulfate (GE-3-S), isolated from the lichen Umbilicaria esculenta on 
the replication of human immunodeficiency virus (HIV) in vitro. 
Behera et al., (2007) showed correlation between lichen protein/polysaccharide ratio and 
their antioxidant properties. Since cultured lichen extracts were used in the study, the effect 
of secondary metabolites as well as polyphenols present in the extract have not been 
evaluated. Thus the antioxidant activity cannot be solely attributed to the polysaccharide 
specially since polyphenols are known antioxidants. In addition, the mechanism of 
scavenging activity of polysaccharides on free radicals is not fully understood yet. 
6. Conclusion 
Polysaccharides from lichens unlike bacterial polysaccharides do not show a wide range of 
variation in sugar content. The predominant sugars are limited to glucose, galactose and 
mannose, with arabinose and xylose present in minor proportions in addition to others such 
as rhamnose. These polysaccharides however have been useful in chemotaxonomic studies 
due to this conservation of sugar structures and regular structural patterns. As far as 
biological activity is concerned, very few studies have been reported and it would be 
worthwhile further investigating the immunomodulating effects of the polysaccharides.  
Author details 
Desiree Nedra Karunaratne, R.G.U. Jayalal and Veranja Karunaratne 
University of Peradeniya, Peradeniya, Sri Lanka 
7. References 
Ahmadjian, V. (1987). Coevolution in lichens. Annals of the New york Academi of Sciences 503, 
307–315. 
Ahti, T. and Depriest, P.T., (2001). New combination of Cladina epithets in Caldonia 
(Ascomycotina, Cladonaceae). Mycotaxon, 78, 499-502. 
Behera, B.C., Verma, N., Sonone, A. and Makhija, U. (2007). Tissue culture of some lichens 
and screening of their antioxidant, antityrosinase and antibacterial properties. 
Phytotherapy Research 21, 1159–1170. 
 
Lichen Polysaccharides 223 
Bernard, M. and Latgé, J.P. (2001). Aspergillus fumigatus cell wall: composition and 
biosynthesis. Med Mycol 39 (1), 9–18. 
Bohn, J.A. and BeMiller, J.N. (1995). (1–3)-β-Glucans as biological response modifiers: a 
review of structure-functional activity relationships. Carbohydr Polym 28, 3–14. 
Carbonero, E.R., Cordeiro,L.M.C., Mellinger,C.G., Sassaki,G.L., Wörgötter,E.S., Gorin, P.A.J. 
and Iacomini, M. (2005a). Galactomannans with novel structures from the lichen 
Roccella decipiens Darb. Carbohydrate Research 340, 1699–1705. 
Carbonero, E. R., Mellinger, C. G., Eliasaro, S., Gorin, P. A. J. and Lacomini, M. (2005b). 
Chemotypes significance of lichenized fungi by structural characterization of 
heteropolysaccharides from the genera Parmotrema and Rimelia. FEMS Microbiology 
Letters 246, 273–278. 
Carbonero, E. R., Montai, A. V., Woranovicz-Barreira, S. M., Gorin, P. A. J. and Iacomini, M. 
(2002). Polysaccharides of lichenized fungi of three Cladina spp.: significance as 
chemotypes. Phytochemistry 61, 681–686. 
Carbonero, E.R., Smiderle, F.R., Gracher, A.H.P., Mellinger, C.G., Torri, G., Ahti, T., Gorin, 
P.A.J. and Iacomini, M. (2006). Structure of two glucans and a galactofuranomannan 
from the lichen Umbilicaria mammulata. Carbohydrate Polymers 63, 13–18. 
Cordeiro, L.M.C., Wörgötter, E.S., Gorin, P.A.J. and Iacomini, M. (2003). Comparative 
studies of the polysaccharides from species of the genus Ramalina-lichenized fungi of 
three distinct habitats. Phytochemistry 60, 967–975. 
Cordeiro, L.M.C., Wörgötter, E.S., Gorin, P.A.J. and Iacomini, M. (2004). Elucidation of 
polysaccharide origin in Ramalina peruviana symbiosis. FEMS Microbiol. Lett. 238 (2004) 
79–84. 
Cordeiro, L.M.C., Carbonero, E.R., Sassaki, G.L., Reis, R.A., Wörgötter, E.S., Gorin, P.A.J. 
and Iacomini, M. (2005). A fungus-type β-galactofuranan in the cultivated Trebouxia 
photobiont of the lichen Ramalina gracilis. FEMS Microbiol. Lett. 244, 193–198. 
Cordeiro, L.M.C., de Oliveira, S.M., Buchi, D.F. and Iacomini, M. (2008). Galactofuranose-
rich heteropolysaccharide from Trebouxia sp., photobiont of the lichen Ramalina gracilis 
and its effect on macrophage activation. International Journal of Biological Macromolecules 
42, 436–440. 
Cordeiro, L.M.C., Sassaki, G.L., Gorin, P.A.J. and Iacomini, M. (2010). O-Methylated 
mannogalactan from the microalga Coccomyxa mucigena, symbiotic partner of the 
lichenized fungus Peltigera aphthosa. Phytochemistry 71, 1162–1167. 
Cordeiro, L.M.C., Sassaki, G.L. and Iacomini, M. (2007). First report on polysaccharides of 
Asterochloris and their potential role in the lichen symbiosis. International Journal of 
Biological Macromolecules 41, 193–197. 
De Araújo, I.W.F., Vanderlei, E.S.O., Rodrigues, A.R.G., Coura, C.O., Quinderé, A.L.G., 
Fontes, B.P., Queiroz, I.N.L., Jorge, R.J.B., Bezerra, M.M., Silva, A.A.R., Chaves, H.V., 
Monteiro, H.S.A., Paula, R.C.M. and Benevides, N.M.B. (2011). Effects of a sulfated 
polysaccharide isolated from the red seaweed Solieria filiformis on models of nociception 
and inflammation. Carbohydr. Polym., 86: 1207-1215. 
Elix, J. A. and Stocker-Wörgötter, E. (2008). Biochemistry and secondary metabolites. In 
Lichen Biology 2nd Edn. Vol. 1. ed. T.H. Nash III. Cambridge University Press, Chapter 
7, 104-133. 
Eriksson, O.E. (2006). Outline of Ascomycota - 2006. Myconet 12, 1–82. 
 
The Complex World of Polysaccharides 224 
Freysdottir,J., Omarsdottir, S., Ingólfsdóttir, K., Vikingsson, A. and Olafsdottir, E.S. (2007). 
Abstracts, Scandinavian Society for Immunology. 37th Annual Meeting Turku, Finland. 
Pp. 596. 
Freysdottir,J., Omarsdottir, S., Ingólfsdóttir, K., Vikingsson, A. and Olafsdottir, E.S. (2008). 
In vitro and in vivo immunomodulating effects of traditionally prepared extract and 
purified compounds from Cetraria islandica. International Immunopharmacology 8: 423–
430. 
Friedl, T. (1989). Systematik und Biologie von Trebouxia (Microthamniales, Chlorophyta) als 
Phycobiont der Parmeliaceae (lichenisierte Ascomyceten). Ph.D. thesis, University 
Bayreuth, Bayreuth, 218. 
Friedl, T. and Gärtner, G. (1988). Trebouxia (Pleurastrales, Chlorophyta) as a phycobiont in 
the lichen genus Diploschistes. Arch. Protistenk.143, 153–61. 
Gorin, P.A.J., Baron, M., Silva, M.L.C., Teixeira, A.Z.A. and Iacomini, M. (1993). Lichen 
carbohydrates. Ciência e Cultura 45, 27–36. 
Gorin, P.A.J. and Iacomini, M. (1984). Polysaccharides of the lichens Cetraria islandica and 
Ramalina usnea. Carbohydr. Res. 128, 119–132. 
Gorin, P.A.J. and Iacomini, M. (1985). Structural diversity of D-galacto-D-mannan 
components isolated from lichens having ascomycetous mycosymbionts. Carbohydr. Res. 
142, 253–267. 
Hawksworth, D.L. (1982). Co-evolution and the detection of ancestry of lichens, J. Hattori 
Botanical Laboratory 52, 323-329. 
Hawksworth, D.L., Kirk, P.M., Sutton, B.C. and Pegler, D.N. (1995). Ainsworth and Bisby’s 
dictionary of the fungi. 8th edn. CAB International, Wallingford 
Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., Cannon, P.F., Eriksson, O.E., 
Huhndorf, S., James, T., Kirk, P.M., Lucking, R., Lumbsch, T., Lutzon, F., Matheny, P.B., 
McLaughlin, D.J., Powell, M.J., Redhead, S., Schoch, C.L., Spatafora, J.W., Stalpers, J.A., 
Vilgalys, R., Aime, M.C., Aptroot, A., Bauer R., Begerow, D., Benny, G.L., Castlebury, 
L.A., Crous, P.W., Dai, Y.C., Gams, W., Geiser, D.M., Griffith, G.W., Gueidan, C., 
Hawksworth, D.L., Hestmark, G., Hosaka, K., Humber, R.A., Hyde, K., Ironside, J.E., 
Koljalg, U., Kurtzman, C.P., Larsson, K.H., Lichtwardt, R., Longcore, J., Miadlikowska, 
J., Miller, A., Moncalvo, J.M., Mozley-Standridge, S., Oberwinkler, F., Parmasto, E., 
Reeb, V., Rogers, J.D., Roux, C., Ryvarden, L., Sampaio, J.P., Schussler, A., Sugiyama, J., 
Thorn, R.G., Tibell, L., Untereiner, W.A., Walker, C., Wang, Z., Weir, A., Weiss, M., 
White, M.M., Winka, K., Yao, Y.J. and Zhang, N. (2007). A higher-level phylogenetic 
classification of the Fungi. Mycological Research 111: 509–547. 
Hirabayashi, K., Iwata, S., Ito, M., Shigeta, S., Narui, T., Mori, T. and Shibata, S. (1989). 
Inhibitory effect of a lichen polysaccharide sulfate, GE-3-S, on the replication of human 
immunodeficiency virus (HIV) in vitro. Chem Pharm Bull (Tokyo) 37(9), 2410-2412. 
Ihda, T. A., Nakano, T., Yoshimura, I. and Iwatsuki, Z. (1993). Phycobionts isolated from 
Japanese species of Anzia (lichenes). Archiv für Protistenkunde 143, 163–172. 
Jensen, J.S.R.E., Petersen, B.O., Veselinovic, T., Olafsdottir, E.S., Duus, J.Ø. and Omarsdottir, 
S. (2010). Structural characterisation of a new O-methylated heteroglycan, colleman, 
from the cyanolichen Collema flaccidum. Carbohydrate Polymers 80, 799 –807. 
Kirk, P.M., Cannon, P.F., David, J.C. and Stalpers, J.A. (2001). Ainsworth & Bisby's dictionary 
of the fungi, 9th edition. CAB International, Wallingford. 
 
Lichen Polysaccharides 225 
Leão, A.M., Buchi, D.F., Iacomini, M., Gorin, P.A. and Oliveira, M.B. (1997). Cytotoxic effect 
against HeLa cells of polysaccharides from the lichen Ramalina celastri. J Submicrosc 
Cytol Pathol. 29(4), 503-9. 
Lumbsch H. T., Ahti T., Altermann S., De Paz G.A., Aptroot A., Arup U., Peña A.B., 
Bawingan P.A., Benatti M.N., Betancourt L., Björk C.R., Boonpragob K., Brand M., 
Bungartz F., Cáceres M.E.S., Candan M., ChavesJ. L., Clerc P., Common R., Coppins B. 
J., Crespo A., Dal-Forno M., Divakar P.K., Duya M.V., Elix J.A., Elvebakk A., 
Fankhauser J.D., Farkas E., Ferraro L.I., Fischer E., Galloway D.J., Gaya E., Giralt M., 
Goward T., Grube M., Hafellner J., J.E. Hernández M., M. De L. A. H. Campos, Kalb K., 
Kärnefelt I., Kantvilas G., Killmann D., Kirika P., Knudsen K., Komposch H., 
Kondratyuk S., Lawrey J. D., Mangold A., Marcelli M. P., Mccune B., Messuti M. I., 
Michlig A., González R. M., Moncada B., Naikatini A., Nelsen M. P., Øvstedal D. O., 
Palice Z., Papong K., Parnmen S., Pérez-Ortega S., Printzen C., Rico V. J., Plata E. R., 
Robayo J., Rosabal D., Ruprecht U., Allen N. S., Sancho L., De Jesus L. S., Vieira T. S., 
Schultz M., Seaward M. R. D., Sérusiaux E., Schmitt I., Sipman H. J. M., Sohrabi M., 
Søchting U., Søgaard M. Z., Sparrius L. B., Spielmann A., Spribille T., Sutjaritturakan J., 
Thammathaworn A., Thell A., Thor G., Thüs H., Timdal E., Truong C., Türk R., Tenorio 
L. U., Upreti D. K., Van Den Boom P., Rebuelta M. V., Wedin M., Will-Wolf S., Wirth V., 
Wirtz N., Yahr R., Yeshitela K., Ziemmeck F., Wheeler T. and Lücking R.. (2011). One 
hundred new species of lichenized fungi: a signature of undiscovered global diversity. 
Phytotaxa 18, 1–127. 
Malhotra, S., Subban, R. and Singh, A. (2008). Lichens- Role in Traditional Medicine and 
Drug Discovery. The Internet Journal of Alternative Medicine 5(2). 
Nash. III, T. H. (1996). Photosynthesis, respiration, productivity and growth. Lichen Biology 
(ed. by T.H.Nash), Cambridge University Press, Cambridge, 88–120, 
Nishikawa, Y., Tanaka, M., Shibata, S. and Fukuoka, F. (1970). Polysaccharides of lichens 
and fungi. IV. Antitumor active O-acetylated pustulan type glucans from the lichens of 
Umbilicaria species. Chem. Pharm. Bull. 18 (7), 1431-1434. 
Nishikawa, Y., Ohki, K., Takahashi, K., Kurono, G., Fukuoka, F. and Emori, M. (1974). 
Studies on the water soluble constituents of lichens. II. Antitumor polysaccharides of 
Lasallia, Usnea and Cladonia species. Chem. Pharm. Bull. 22 (11), 2692-2702. 
Olafsdottir, E.S. and Ingólfsdóttir, K. (2001). Polysaccharides from lichens: structural 
characteristics and biological activity. Planta Medica 67, 199-208. 
Olafsdottir, E.S., Omarsdottir, S., Paulsen, B.S., Jurcic, K. and Wagner, H., (1999). 
Rhamnopyranosylgalactofuranan, a new immunologically active polysaccharide from 
Thamnolia subuliformis. Phytomedicine 6, 273-279. 
Omarsdottir, S., Petersen, B.O., Barsett, H., Paulsen, B.S., Duus, J.Ø. and Olafsdottir, E.S. 
(2006). Structural characterisation of a highly branched galactomannan from the lichen 
Peltigera canina by methylation analysis and NMR-spectroscopy. Carbohydrate Polymers 
63, 54–60 
Omarsdottir, S., Freysdottir, J. and Olafsdottir, E.S. (2007). Immunomodulating 
polysaccharides from the lichen Thamnolia vermicularis var. subuliformis. Phytomedicine 
14, 179–184. 
 
The Complex World of Polysaccharides 226 
Paulsen, B.S., Olafsdóttir, E.S. and Ingólfsdóttir, K. (2002). Chromatography and 
electrophoresis in separation and characterization of polysaccharides from lichens. 
Journal of Chromatography 967, 163–171 
Periera, E. C, Nascimento, S. C. and Lima, R. C. (1994). Analysis of Usnea fasciata crude 
extracts with antineoplastic activity. The Tokai journal of experimental and clinical medicine 
19 (1-2), 47-52.  
Prieto, A., Leal, J.A., Bernabe, M. and Hawksworth, D.L. (2008). A polysaccharide from 
Lichina pygmaea and L. confinis supports the recognition of Lichinomycetes. Mycological 
Research 112, 381 – 388. 
Reeb, V., Lutzoni, F. and Roux, C., (2004), Contribution of RPB2 to multilocus phylogenetic 
studies of the Euascomycetes (Pezizomycotina, Fungi) with special emphasis on the 
lichen forming acaromsporaceae and evolution of polyspory. Molecular Phylogenetics and 
Evolution 32, 1036-1060. 
Ruthes, A.C., Komura, D.L., Carbonero, E.R., Sassaki, G.L., Gorin, P.A.J. and Iacomini, M. 
(2010). Structural characterization of the uncommon polysaccharides obtained from 
Peltigera canina photobiont Nostoc muscorum. Carbohydrate Polymers 81, 29–34. 
Shibata, S. (1973). Polysaccharides of lichens. Journal of the National Science Council of Sri 
Lanka 1, 183-188. 
Sipman, H.J.M. and Aptroot, A. (2001). Where are the missing lichens? Mycological Research 
105, 1433–1439. 
Stuelp-Campelo, P.A., Oliveira, M.B.M., Carneiro-Leão, A.M.A., Carbonero, E.R., Gorin, 
P.A.J. and Iacomini, M. (2002). Effect of a soluble α-D-glucan from the lichenized 
fungus Ramalina celastri on macrophage activity. Int J Immunopharmacol 2, 691-698. 
Takahashi, K., Takeda, T. and Shibata, S. (1979). Polysaccharides of lichen symbionts. Chem. 
Pharm. Bull. 27, 238–241. 
Teixeira, A.Z.A., Iacomini, M. and Gorin, P.A.J. (1995). Chemotypes of mannose containing 
polysaccharides of lichen mycobionts: a possible aid in classification and identification. 
Carbohydr. Res. 266, 309–314. 
Wedin, M., Wiklund, E., Crewe, A., Döring, H., Ekman, S., Nyberg, Å., Schmitt, I. and 
Lumbsch, H.T. (2005). Phylogenetic relationships of Lecanoromycetes (Ascomycota) as 
revealed by analyses of mtSSU and nLSU rDNA sequence data. Mycological Research 
109, 159–172. 
Wolseley, P.A. and Aguirre-Hudson, B. (1994). Key to lichen genera in Thailand with special 
reference to epiphytic taxa, part I, macrolichens. Natural History Bulletin. Siam. Soc. 43, 
303-335 
Woranovicz-Barreira, S.M., Gorin, P.A.J., Sassaki, P.L., Marcelli, M.P. and Iacomini,M.(1999). 
Galactomannoglucans of lichenized fungi of Cladonia spp.: significance as chemotypes. 
FEMS Microbiology Letters 181(2), 313–317. 
Yanaki, T., Itoh, W. and Tabata, K. (1986). Correlation between the antitumor activity of 
Schizophyllan and its triple helix. Agric Biol Chem 50, 2415–2416. 
Yoshimura, I. (2004). Mysterious Lichens - An Introduction to their taxonomy, morphology, 
physiology, and chemistry. Proceedings of the 1st KoLRI International Symposium of 
Lichenology. 
